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Abstract Neutron crystal-field spectroscopy experiments
in the Y- and La-type high-temperature superconductors
HoBa2Cu3O6.56, HoBa2Cu4O8, and La1.81Sr0.15Ho0.04-
CuO4 are reviewed. By this bulk-sensitive technique, in-
formation on the gap function is obtained from the relax-
ation behavior of crystal-field transitions associated with
the Ho3+ ions which sit as local probes close to the su-
perconducting copper-oxide planes. The relaxation data ex-
hibit a peculiar change from a convex to a concave shape
between the superconducting transition temperature T c and
the pseudogap temperature T ∗ which can only be modeled
satisfactorily if the gap function of predominantly d-wave
symmetry includes an s-wave component of the order of 20–
25%, independent of the doping level. Moreover, our results
are compatible with an unusual temperature dependence of
the gap function in the pseudogap region (T c ≤ T ≤ T ∗),
i.e., a break up of the Fermi surface into disconnected arcs.
Keywords High-temperature superconductors · Gap
symmetry · Pseudogap · Crystal field · Neutron
spectroscopy
1 Introduction
Ever since the discovery of high-temperature supercon-
ductivity by Bednorz and Müller [1], there has been a
debate concerning the symmetry of the superconducting
gap function. So far, tunneling measurements are the only
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phase-sensitive experiments that probe the sign of the order
parameter [2]. Angle-resolved photoemission spectroscopy
(ARPES) measurements, on the other hand, yield very di-
rect information about the magnitude and the momentum
dependence of the order parameter as well as its evolution
with temperature [3, 4]. Tunneling as well as ARPES ex-
periments indicate that a dx2−y2 order parameter is the most
plausible candidate to describe the superconducting state in
these systems. However, both techniques are only sensitive
to the surface. As pointed out by Müller [5], the gap func-
tion is different at the surface and in the bulk, thus bulk ex-
periments are indispensable to unambiguously establish the
nature of the gap function. Various experiments probing the
bulk gave evidence for the existence of an s-wave compo-
nent, but the results are partially conflicting. For optimally
doped YBa2Cu3O7, e.g., Raman scattering evidences an
s-wave admixture of 5% [6], thermal conductivity measure-
ments in a rotating magnetic field place a maximum of 10%
based on the shift of the nodal positions from the princi-
pal diagonal directions [7], and nuclear magnetic resonance
experiments report either an s-wave admixture of 20% [8]
or a pure d-wave symmetry [9]. Theoretical work based
on the t–t ′–J model suggests that d-wave pairing prevails
close to optimum doping, whereas s-wave-like pairing is
possible in the under- and over-doped regimes [10]. Doping-
dependent bulk experiments are, therefore, extremely useful
to shed light on this issue. The present work deals with such
an investigation for underdoped and optimally doped high-
T c compounds studied by neutron crystal-field spectroscopy
experiments.
Neutron crystal-field spectroscopy is a powerful experi-
mental tool to probe the bulk properties of high-temperature
superconductors. It has been applied in the past mainly to
detect the doping, isotope, and pressure dependence of the
pseudogap temperature T ∗. In principle, information on the
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nature of the gap function can be obtained as well, pro-
vided that the experimental data sets are sufficiently com-
plete. We reviewed the available data sets in the literature
and found the necessary conditions fulfilled for some un-
derdoped and optimally doped La- and Y-based high-T c
compounds. We analyzed the corresponding data sets and
found evidence for a 20–25% s-wave admixture to the dom-
inant d-wave gap function, independent of the doping level.
Moreover, our analysis supports the unusual temperature
dependence of the gap function in the pseudogap region
(T c ≤ T ≤ T ∗) as evidenced by ARPES measurements in
Bi2Sr2CaCu2O8+x [11].
2 Neutron Crystal-Field Spectroscopy
The principle of neutron crystal-field spectroscopic investi-
gations of the crystal-field interaction in rare-earth based
high-temperature superconductors was described in a re-
cent review article [12]. By this technique, transitions be-
tween different crystal-field levels associated with the rare-
earth ions can be directly measured. In the normal metallic
state, the excited crystal-field levels interact with phonons,
spin fluctuations and charge carriers, which limit the life-
time of the excitation, thus the observed crystal-field tran-
sitions exhibit line broadening. The interaction with the
charge carriers is by far the dominating relaxation mecha-
nism [13]. The corresponding intrinsic linewidth W n(T ) in-
creases almost linearly with temperature according to the
well-known Korringa law [14], i.e., W n(T ) ∼ T . In the
pseudogap as well as in the superconducting state, how-
ever, the pairing of the charge carriers creates an energy gap
Δk in the single-electron spectral function (k is the wave
vector), thus crystal-field excitations with energy <2Δk do
not have enough energy to span the gap. Consequently,
the interaction with the charge carriers is suppressed,
and for an isotropic gap function Δk = Δ, the intrinsic
linewidth is given by W s(T ) = W n(T ) · exp[−Δ/kBT ].
This means that W s(T  T c, T ∗) ≈ 0, and line broad-
ening sets in just below T c (or T ∗) where the supercon-
ducting gap (or the pseudogap) opens. For anisotropic gap
functions, the situation is more complicated, since cer-
tain relaxation channels exist even at the lowest tempera-
tures [15].
Recently, Häfliger et al. [16] presented detailed consid-
erations concerning the analysis of neutron crystal-field re-
laxation data with respect to the nature of the gap func-
tion. As mentioned above, a crucial point in such analy-
ses is the availability of a sufficient number of relax-
ation data over a large temperature range, notably for the
pseudogap region T c ≤ T ≤ T ∗, so that the subtle but rel-
evant features of the relaxation behavior can unambigu-
ously be assessed. So far, such complete data sets are
Fig. 1 Temperature dependence of the intrinsic linewidth of the
lowest crystal-field ground-state transition in HoBa2Cu3O6.56 (a),
HoBa2Cu418O8 (b), and La1.81Sr0.15Ho0.04Cu18O4 (c). The dashed
line corresponds to the linewidth in the normal state as expected from
the Korringa law
only available for underdoped HoBa2Cu3O6.56 [17], slightly
underdoped HoBa2Cu418O8 [18], and optimally doped
La1.81Sr0.15Ho0.04Cu18O4 [19] as shown in Figs. 1(a–c).
For all three compounds, the temperature dependence of the
intrinsic linewidth W(T ) behaves in a common and charac-
teristic way:
(i) T ≤ T c: The linewidth is very small, but a slight en-
hancement is observed upon approaching T c.
(ii) T ≥ T ∗: The linewidth increases linearly as expected
for the normal state, so that we identify T ∗ with the
temperature where the pseudogap opens.
(iii) T c ≤ T ≤ T ∗: There is a sudden increase of the
linewidth just above T c. Then, with increasing tem-
perature, the slope dW/dT is slightly reduced, but
increases again upon approaching T ∗. The tempera-
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ture dependence of the linewidth obviously exhibits a
change from a convex to a concave shape in the pseudo-
gap region.
The only differences between the three data sets are the dif-
ferent sizes of the characteristic temperatures T c and T ∗. It
is, therefore, useful to express the relaxation data in reduced
units, i.e., the temperature T in units of T ∗ and the linewidth
W(T ) in units of W(T ∗) as visualized for the relevant tem-
perature range 0 ≤ T ≤ T ∗ in Figs. 2(b–d).
3 Analysis of the Relaxation Data
We now proceed to analyze the relaxation data in terms of
different gap functions. The model calculations were based
on the procedure described in Ref. [16]. For the tempera-
ture dependence of the gap amplitude, we used the expres-
sion Δ(T ) = Δ(0) · [1 − (T /T ∗)A] with A = 4 [3], and
the maximum gap amplitude was set to Δmax/kB = 2T ∗
which is a realistic value for the compounds under consider-
ation. Figure 2(a) shows some calculations for an s-wave,
a d-wave (dx2−y2 ), and a mixed (s25% + d75%)-wave gap
function. It can readily be seen that none of these mod-
els is able to explain the observed linewidth behavior dis-
played in Figs. 2(b–d). The s-wave model reproduces the
low-temperature behavior up to T c quite well, but it fails
completely at high temperatures. The d-wave model is inad-
equate at both low and high temperatures. The mixed (s+d)-
wave model has similar deficiencies. In particular, the be-
havior around T c where the slope of W(T )/W(T ∗) turns
from being convex to concave cannot be reproduced by any
of the above models. This is due to the neglect of the tem-
perature dependence of the gap function in the pseudogap
region. According to ARPES experiments performed for un-
derdoped Bi2Sr2CaCu2O8+x [11], the pseudogap opens up
at different temperatures for different points in momentum
space as sketched in Fig. 3. Below T ∗, there is a break up of
the Fermi surface into disconnected arcs, which then shrink
Fig. 2 Temperature
dependence of the linewidth of
low-energy crystal-field
transitions in high-temperature
superconductors in reduced
units. (a) Model calculations for
different types of gap functions
(see text). (b–d) Relaxation data
derived for HoBa2Cu3O6.56 (b),
HoBa2Cu418O8 (c), and
La1.81Sr0.15Ho0.04Cu18O4 (d).
The lines in (b–d) denote
least-squares fits on the basis of
a mixed (s + d)-wave gap
function including the
occurrence of gapless arcs of the
Fermi surface in the pseudogap
region (T c < T < T ∗) as
described in the text
Fig. 3 Schematic illustration of
the temperature evolution of the
Fermi surface in the pseudogap
region (T c ≤ T ≤ T ∗). The
d-wave node below T c (left
panel) becomes a gapless arc
above T c (middle panel) which
expands upon increasing the
temperature to form the full
Fermi surface at T ∗ (right
panel)
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Table 1 Gap parameters
resulting from the least-squares
fitting procedure applied to the
crystal-field relaxation data
displayed in Figs. 2(b–d)
T c [K] T ∗ [K] Δs [meV] Δd [meV] Δmax [meV]
HoBa2Cu3O6.56 60 250 8.6±1.2 28.0±2.1 36.6±3.3
HoBa2Cu418O8 79 231 9.3±0.9 28.5±1.6 37.8±2.5
La1.81Sr0.15Ho0.04Cu18O4 32 70 2.4±0.4 7.7±0.7 10.1±1.1
with decreasing temperature before collapsing to the point
nodes of the d-wave component below T c. This unusual
temperature evolution of the pseudogap opens additional re-
laxation channels in crystal-field linewidth studies above T c.
Indeed, model calculations including the presence of such
gapless arcs produce relevant modifications of the linewidth
for T c ≤ T ≤ T ∗ as visualized in Fig. 2(a); in particular, the
observed change of the linewidth from a convex to a con-
cave temperature dependence around T c can be nicely re-
produced for a mixed (s + d)-wave gap function, but not for
a pure d-wave gap function.
We performed a least-squares fitting procedure to the
relaxation data displayed in Figs. 2(b–d) on the basis of
a mixed (s + d)-wave gap function including the gapless
arc features of the Fermi surface in the pseudogap region
(T c ≤ T ≤ T ∗). Since the latter effect was only observed
at a few selected temperatures [11], we assumed a linear
evolution of the gapless arcs with temperature. The only fit-
ting parameters were the amplitudes Δs and Δd of the s-
and d-wave components, respectively. The temperature evo-
lution of the linewidths resulting from the least-squares fit-
ting procedure are in good agreement with the experimen-
tal data as shown in Figs. 2(b–d). The corresponding model
parameters are listed in Table 1. We recognize that the s-
wave admixture is independent of the doping level, and the
maximum gap amplitudes are consistent with the expecta-
tion Δmax/kB ≈ 2T ∗.
4 Concluding Remarks
In conclusion, our analyses of bulk-sensitive crystal-field
relaxation experiments on high-temperature superconduc-
tors give two important results. First, we gave evidence
that the theoretically predicted [20] and for underdoped
Bi2Sr2CaCu2O8+x observed [11] gapless arcs of the Fermi
surface are also present in the Y- and La-based high-
temperature superconductors, thereby being presumably a
generic feature of all copper-oxide perovskites. Secondly,
there is evidence for an admixture of an appreciable s-
wave component of the order of 20–25% to the predom-
inant d-wave gap function in both Y- and La-based high-
T c superconductors. In fact, for orthorhombic symmetry
both the s- and d-wave pair states belong to the same ir-
reducible representation [21], thus an admixture of these
two states is allowed. Recent angle-resolved electron tun-
neling experiments in YBa2Cu3O7 report similar results,
namely a 17% s-wave admixture to the d-wave gap func-
tion [22]. Moreover, the gap values listed for the La-
based compound in Table 1 are in good agreement with
the results of recent in-plane magnetic-field penetration-
depth measurements in La1.83Sr0.17CuO4 by muon-spin
rotation experiments which gave Δs = 1.57(8) meV and
Δd = 8.2(1) meV [23]. A subsequent theoretical study con-
firmed these findings by calculations based on a two-band
model [24].
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